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ABSTRACT
The purpose of any engineering project is to anticipate a need and meet that need through
prediction analysis and design. Over 70% of the nation’s energy is consumed by building
infrastructure such as HVAC systems, electrical, etc. HVAC systems use boilers to generate hot
water or steam to heat buildings and evaporative chillers to provide air conditioning, much like
the central plant here on campus. The project included the construction of a solar collector that
will heat water to 140F in order to run it through a heat exchanger that can have air passed over
it. An evaporative chiller was also designed to harness the latent heat of vaporization to chill a
heat exchanger that can then have water passed through it. The circulation pump and any
temperature sensors will be powered by a photovoltaic array so that no electricity is needed to
power the device. The air from the ducted fan can then be passed over this heat exchanger in
order to generate hot air for a room, and the same for the cold air with cold water. Testing will
consider input and output water temperature, as well as input and output air temperature in order
to compare the changes and develop a value for efficiency. Initial testing has found that 140F
heating water can provide enough load in a heat exchanger to provide 85F leaving air
temperature. Water that has been cooled to 40F by the evaporative chiller can provide a leaving
air temperature of 55F.

INTRODUCTION
Engineering Problem
This project was motivated by the need for energy efficient HVAC solutions in
residential and commercial buildings, as they consume over half of the energy in the nation.
Renewable energy solutions are being considered more often when designing large scale projects
as the technology improves and the mechanical processes become more efficient.

Function Statement
In order for hot air to be produced by a fan coil unit, hot water must be piped through a
coil in a ducted air stream. The water will be heated by the sun, so concentration of conduction
and maximization of convection within the collector must be achieved. Since the sun is out for
an unpredictable amount of time, storage of this heated water will be critical as well, so that the
thermal mass can be used on demand for a longer period of time. Control of fluid flow within
the coils, in conjunction with control of the air flow being drawn across the coils, shall provide
the necessary heated air to a space.

Requirements
In order to fulfill the function statement, the project will meet the following requirements:
 A pipe material must be selected that has an overall heat transfer coefficient of
200 BTU/h-ft²-ºR or more to maximize conductive and convective heat exchange
from the sun to the water in the piping.
 Parabolic mirrors must be placed behind the piping in order to concentrate the
sun’s irradiance to the center of each pipe in the array by a factor of 16.
 The sheet metal frame for the coil will be constructed to house the collector
piping and provide support for the fully filled pipes at a weight of 100 lb.
 The frame must allow a minimum of 1 inch of air space around all the piping so
that convection can take place along the pipe walls.
 The insulation on the inside of the frame will be at least 1 inch thick with an RValue of at least 17 to minimize heat loss from re-radiation.
 The primary equation that will model energy transfer will be Q = mdot(Cp)(∆T).
Subsequent analysis are based on this basic equation with additional factors of
heat exchanger size and overall heat transfer using Q = U(A)( ∆Tlm).
 A Secondary equation will be R Value calculations, R = ln(Do/Di)/2πkL.

Success Criteria
The success of the project will be defined by how efficiently it meets a heat load
generated in a room with conditioned air, and the measurable result will be the temperature in the
room throughout the day and how close it is to the set point of 75ºF. This will also be measured
in how many Watts/meter of sunlight are necessary to produce the desired heat transfer to our
working fluid, and how well we translate that heat transfer to a temperature increase or decrease
and subsequent air flow over the heating coils.

Scope
The scope of the project will be to design a heating coil that can house 6 liters of water,
and that will take heat from the sun and transfer that energy to the water to heat it up to
saturation temperature (refer to Saturation Table in Appendix B). The natural buoyancy of lower
density hot water will allow it to rise above the colder, higher density water, and provide a
thermo-syphon effect to discount the need for a pump to circulate the water. The frame will be
sized to house the heat coils and parabolic troughs that are in turn sized to meet the heating
requirements discussed above.

Benchmark
Solar water heaters on the market today mostly use induction to draw electricity through
a material that can radiate heat to the water. This method is almost always preferred due to the
lower energy consumption, and with the use of a storage tank the hot water can be used on a
more “on-demand” basis. Our system will use a totally passive solar heating effect, while also
taking advantage of the concentrating factor of a parabolic reflective surface and convection
around the piping itself.

Success of the Project
Our AC unit will work at least 20% more efficiently through the use of highly thermal
conductive material, and save at least 20% of the energy normal heating units consume. This
will make our product competitive with any unit available on the market today through the use of
the sun as the primary energy source. Optimization will include ideal heat transfer rates from the
sun to the water through the piping in the solar collector, from the fluid to the air within the duct,
as well as control of the air flow across the heat coil. The UW EIC competition will allow us to
showcase our project, talking about both its engineering merits and potential marketability to
industry professionals. Competing against other schools that are designing their own ideas on
how to meet an environmental problem with engineering will motivate us to continually improve
our idea throughout the project. Last year our team was the first ever to represent Central
Washington University at the competition, but this year we intend to win.

DESIGN & ANALYSIS
Motivation
I have taken a great interest in how HVAC systems are designed and implemented, and
found that the energy use by these systems is immense. This opened the door for me to think of
new ways of providing creature comfort within a room using less energy. The renewable energy
market is also becoming more affordable and efficient, so this idea will also be considered in the
design of the device.
I looked at how a commercial air handling unit works; steps through dehumidifying,
cooling, heating, and filtering outdoor air that will be then blown to separate spaces using
immense fan systems (Figure 1). Normally the cold and hot water that is driven through pipes to

pass air across is created through use of a boiler or chiller, which consume the majority of the
energy required to run a buildings mechanical systems.
This led me to think about how easily a renewable energy solution to heating a space
could be leveraged through a passive solar heat coil that is sized according to the heat load that is
necessary for a given space (Figure 2). Even if a boiler could be taken offline for a portion of the
year with an economizing passive system, the amount of money that could be saved over the
long run would be significant.

Proposed Solution
Replacing the heat coil in an air handling unit with a passive solar heat coil will not only
save energy across the entire system, but provide an economizing supplement to a large
commercial boiler system. Sizing of the heat coil for our particular unit will be decided by
analysis of the necessary heat needed in our particular test environment of a 10x10x10 room at
2200 BTU/h (1 human operating 1 computer over the period of a day losing heat through the
walls and windows).
Analysis of design has been conducted in the following steps:
 Copper was chosen as the material for the insert over steel and aluminum because of its
high U-value (215 BTU/h-ft²-°F), which takes into account the convection from the air to
the metal, the conduction of heat through the metal, and the convection of heat from the
metal to the water inside the pipe (refer to Appendix A, “Hot Water Timing”).
 A parabolic mirror will be sized and implemented behind each pipe section in the solar
collector to optimize incident solar radiation (refer to Appendix A, “Parabolic Mirror”).
 The size of the coil will be designed to meet the heating requirements discussed in the
previous section. This will require 8 feet of piping for each pass of coil for a total of 10
passes to provide the heat transfer necessary to increase the air temperature that will be
blown across the coil by the optimized 20°F ∆T (refer to Appendix A, “Solar Collector
Sizing”).
 The size of the frame will house this 2.45 foot long, 10 pass solar collector, making it 36
x 45 x 4.5 inches in size (refer to Appendix A, “Solar Collector Sizing”).
 Frame construction will take into account the weight of the coil (approximately 100 lbs),
the insulation requirements (R17 or higher), and any mounting to an existing structure
will require a 2mm x .4 pitch A36 carbon steel bolt (refer to Appendix A, “Load Safety
Factor and Frame Construction”).
 The angle of attack for the solar collector relative to the sun will be adjustable in order to
optimize solar collection on any given day (refer to Appendix A, “Solar Collector
Angle”).
 A schematic of pipe distribution and valves will be designed and implemented to provide
control over fluid flow through the coils to the storage tank and through the duct coil.

Sketches
Figure 1 Evaporative Cooler Schematic

Figure 2 Design Intent
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Proposed Sequence
The engineering merit involved with this project will be realized through analyses of both
the heat transfer of the sun to the working fluid, the fluid flow rate required to meet a heat load in
a space, and the volumetric air flow rate to deliver the air necessary to meet that heat load. This
will facilitate the increase in air temperature to our set point of 75 degrees F. Storage of the
thermal mass of water that has been heated will be necessary to carry our heating system
functionality through the day without the need for constant sunlight. Recirculation of heated
water will be provided by the natural thermo-syphon of buoyant hot water, which will not only
meet the fluid flow demand but discount the need for a recirculation pump. The size of the bolt
necessary to hang the device from a structure was calculated to be 2x.4 (mm x pitch) A36 carbon
steel bolt (refer to green sheet 4 in “Wall Mounting”).

Calculated Parameters
On a sunny day, the irradiance from the sun is known to be from 800-1000 Watts/m².
The amount of sunny hours through the heating months in the northwest region of the United
States (October through March) is predicted by local almanacs to only be 3 per day on average
(Cengel 410). In order to optimize heat transfer, this irradiance can be multiplied up to 16 times
by sizing a parabolic mirror (refer to green sheet 1 in “Parabolic Mirror”) to concentrate the
sunlight onto the 1.125 in. outside diameter copper piping to heat the water that it contains. This
water will then be stored in a 20 gallon storage tank to be pumped through the fan coil unit when
needed to facilitate in the heating of a space.

Copper piping will be the preferred material because of its high overall heat transfer
coefficient, or U-value (up to 215 BTU/hr-°F-ft² for pure copper) compared to aluminum and
steel which are rated at 140 and 55 BTU/hr-°F-ft² respectively (Jacobs 115).
`The structure of the frame for the housing of the heat coil will be 1/8 inch thick sheet
metal to take into account the weight of the pipes fully loaded with water at approximately 100
lbs. The size of the frame will be 96 inches tall to accommodate the 10, 8 foot section lengths of
pipe in the array (refer to “Solar Collector Sizing” in Appendix A), 75 inches wide to account for
the 4.5 inch wide parabolic mirrors per pipe (refer to “Parabolic Mirror” in Appendix A), and 4.5
inches deep allowing for mirror depth and convective air space.

Device Shape and Assembly
The frame will be constructed of Aluminum U-Channel Bracketing at the correct angle to
optimize solar collection during the particular day of testing (refer to Appendix A “Solar
Collector Angle”). The collector will be an array of tube assemblies that will direct heat
collected from the sun through the vacuum sealed tube to prevent ambient conditions to affect
the transfer of heat from the sun to the copper insert through the aluminum sheet (Figure 3). A
small amount of alcohol inside the copper insert will draw this collected heat towards the top of
the collector into the copper manifold that will have water running through it.

Figure 3 Exploded View of Solar Collector Tube

Predictions
The outcome of the device will be the heating of water from room temperature to
saturation temperature and stored for “on-demand” use in the coil in the ducted air space. This
cycle will be regenerative, in that the circulation of water through the solar collector will be
stored in the 20 gallon thermal storage tank to be used throughout the day in the fan coil unit.
This will allow for regulated use of the device all day without the need for constant sunlight.
Maintaining a slow fluid flow (.5 gpm) to maximize heat transfer from the copper to the water
and the water to the air will be important in able to predict a leaving air temperature of 85°F with
a supply air flow of 200 CFM.

Failure Mode
The technical risk associated with this device is primarily due to the great amount of heat
generated by the solar collector and transferred to the water. To mitigate this risk, any part that
the water touches is to be constructed of metal. The manifold where the initial transfer is copper,
which can withstand over 1000°F before failure, and the connections to the heat coil are
corrugated stainless steel, which can withstand even higher temperatures. The tank in which the
hot water is to be stored will be a household hot water tank equipped with measuring devices like
thermocouples, which will also withstand the high water temperatures.
The failure mode that is associated with the structure of the solar collector itself was
defined in Appendix A, A6 “Load Safety Factor”, which calculates the design load the aluminum
frame can withstand. This portion of the analysis also derives the safety factor of 4 that was
chosen to ensure safe operation of the device under extreme conditions like snow and ice
buildup. The critical load was calculated for the aluminum framing being used, and compared to
the predicted load on the frame from the device, and with a safety factor of 4 there is still room
for failure prediction stemming from unknown loading like natural disasters such as an
earthquake.

METHODS & CONSTRUCTION
This project was conceived at Central Washington University by a motivated team of
individuals looking to improve the energy efficiency of HVAC systems. All the parts of our
system will be designed and drawn using school resources such as MDesign and SolidWorks
(Refer to Appendix B for Drawings). The calculations involved with design will be included in
this report, and checked for quality control.

Construction
The frame for the solar collector will be constructed of aluminum u-channel brackets held
together with 2 inch hex bolts. It will be made to the drawing angles in order to optimize solar
collection (i.e. the collector will be 90 degrees to the sun at solar noon for any particular day).
The angle will be adjustable through a number of holes in the supporting member so that the hex
bolts can be removed and re-inserted to provide the proper angle.

A low volume pump will supply water through the copper manifold at the top of the solar
collector at a rate of .5 gpm in order for the copper to transfer the maximum amount of heat to
the water before it is pumped onward to the heat coil in the ducted air space.
This unit will be ducted to the space needing air conditioning, either through a window
mounted system or a standalone system that can be ducted to the space. The duct work will be
sheet metal as well, with joints to be soldered and sealed with dope to ensure air tightness.

Device Operation
Once constructed, the device will routinely take heat from the sun throughout the day,
transferring that heat into the water which will then be ported to the fan coil unit. Air will be
blown across the heated coils that are arrayed within the duct at a rate that meets the heat demand
in the room being cooled. The temperature in the room shall remain close to 75°F set point.

Manufacturing Issues
Bolting the frame together at the proper angle will take a little consideration as it is being
assembled. Hole locations have been calculated and included in the drawings, but exact
locations may change as issues with tolerances and connections arise. The other issue will be
fittings and connections for all hoses. The heat coil in the ducted air space may be a different
OD than the copper manifold, so an array of connections will be considered.
The biggest issue that was overcome was the constant attention to leaks in the system of
PEX and fittings. The intense range of temperatures for the working fluid made for adjustments
to the type of fittings used (shark bite) and the way the system was connected to minimize the
amount of tubing. There was a tremendous amount of heat loss through the PEX tubing before it
could be exchanged within the ducted air space, so insulation was added to all the tubing to
minimize that transfer of heat where it was not desired.

Benchmark Comparison
The device will heat water without the need for electricity, which will ensure it will also
use less energy than any ac unit on the market. Common air conditioners use 2000 kWhours/month, and with electricity rates varying from 6-20 cents per kW/hour, that can cost
almost $5000 per year. The device will only use less than half that amount of energy to provide
the same amount of heating to a space. This will not only lower the cost of the device, but it will
also reduce the carbon footprint of the system as well. The control of our air flow in relation to
our fluid flow will ensure an improvement on heat transfer rate efficiency across all material
mediums, and will be compared to the common air conditioners performance throughout a
normal heating day.

TESTING METHOD
Test Plan
The testing process will involve measuring water temperature at several spots along the
solar collector itself, as well as air temperature entering and leaving the ducted air space. These
measurements will be taken at regular intervals during days with different ambient air

temperatures and weather conditions. The data that is gathered will then be compared to the
predicted value in the analysis and graphically displayed to communicate any correlations of heat
transfer between water temperature and air temperature within the system itself.
The requirements of this test will be as follows:






All thermocouples must be placed within the water stream being measured, and
calibrated to within +/- .5F.
The anemometers will be placed in the center of the air stream and calibrated to the area
of the duct for both entering and leaving openings within +/- 20 CFM.
Power that is supplied to the circulation pump by the photovoltaic array must be between
15 and 30 watts.
All measurements must be taken at regular intervals (based on the time constant
calculated in the initial analysis for the size of the system) in order to develop trends
throughout the day.
Testing will be done on days with different types of weather and solar irradiance so that
efficiency can be normalized and compared.

The predicted performance of the device will be a leaving water temperature of the
manifold within the solar collector of 140F, and a leaving air temperature of the ducted air space
of 85F. Storage of any extra thermal generation within the circulation line will be stored in a
water tank consisting of 25 gallons, and will be measured for overall temperature as well. The
temperature of the tank is predicted to be 95F and carry the system through the evening into the
night as solar irradiance drops off.
The schedule consists of testing both heating of the water and the exchange of energy to
the air being passed over the heat exchanger (refer to Schedule in Appendix E). Hours of each
task will be reported to the nearest tenth of an hour, and notes will be taken about issues with any
specific tasks.

Method and Approach
The solar collector will be brought to the south patio outside Hogue Hall on the CWU
campus and piped through the water tank and connected to the heat exchanger within the ducted
air space. All connections are done with cross-linked polyethelene (PEX) tubing with shark bite
fittings, and the circulation line will be filled with water supplied by the school at the site. A
thermocouple will be placed within the water stream at the leaving end of the manifold, within
the storage tank, at the entering end of the heat exchanger and the leaving end of the heat
exchanger. Anomometers will be placed at the entering and leaving end of the ducted air space
as well to supply air speed and temperature during testing. The photovoltaic array will supply
power to the circulation pump, and the pump will be switched on once all other parts of the
system are connected and tested for leaks.

Test Documentation and Deliverables
A spreadsheet detailing temperature data points throughout the day (refer to Appendix F)
with graphs showing fluctuations and trends will be developed for every test day. Comparisons

can then be made to improve our control over the fluid and air flow to provide the most energy
efficient heated air to the space.
The first test was undertaken during a typical cloudy day (solar irradiance = 500 W/m²,
www.solar4rschools.com) which the performance predictions were based on. Looking at the
tank/circulation line as a large shell and tube heat exchanger, the time constant for the Arrhenius
heat transfer equation can be back calculated to be approximately 24 min (Appendix A5, “Hot
Water Timing Analysis). To be conservative the regular time intervals that the data is taken at
during the warm up process was chosen to be 30 minutes. The testing was started at 10 am and
data for both air and water temperature was taken every 30 minutes until 5 pm (Figure 4).
Figure 4: Raw Test Data
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The input water temperature is the re-circulated water coming back from the heat
exchanger in the ducted air space, and the output water temperature is leaving the solar collector
manifold. Looking at the tank water temperature, the 20 degree increase that was predicted to be
under 4 hours was achieved, and acts as less of a resistance to the circulated water with the air
load on it. As the output water temperature climbed throughout the day, the air load from the
ducted air space and the tank load slowed it down, but it still achieved a 60 degree temperature
change throughout the day. This built up thermal energy can then be stored in the tank and used
after the sun goes down, so that hot water can be supplied to the heat exchanger into the night.
Figure 5: Air and Water Temperature Increase
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As you can see from Figure 5, the output water temperature increases rapidly, but starts
to plateau as the limit of solar irradiance during the day is reached. The leaving air temperature
starts to climb to tank temperature fairly quickly, and then follows that trend throughout the day.
The next test involved just heating the water in the tank with the circulation line without
the air load, to see what the limits of the system were and how much the resistance of the tank
would affect the output water temperature. Using the same test data sheet and recording output
water temperature and tank temperature, a correlation can be seen (Figure 6).

Figure 6: Isolated Tank Test Comparison

Isolated Tank Test Comparison
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The output water temperature is allowed to increase much quicker without an air load on
it, and the limit of 240°F is due to the pressure relief valve being set to go off at 70 psi, which is
the saturation pressure for that water temperature. The tank temperature climbs steadily
throughout the day as well, and this built up thermal energy can be used to power a heat
exchanger in the ducted air space throughout the evening and into the night. All raw test data
and charts can be found in Appendix G as well.

BUDGET
Proposed Budget
The proposed cost of our project is estimated at $1004 for all parts, labor, and resources
for both building and testing, of which the heat coil portion comprises $49.95 for fasteners (refer
to Appendix C). Our biggest supplier is University Mechanical Contractors that contributed their
scrap metal for several parts on the project. They also allowed the use of their purchasing
account, which allowed for pricing of material at warehouse cost. Jeff Greear owns his own
solar collector installation company and is willing to donate material as well
(www.ellensburgsolar.com).
Sequencing the collection of the material for the project will be crucial, as a frame will
need to be constructed before any piping can be implemented. Sheet metal will be purchased in
advance so that it is readily available after design is complete and building of the project is ready
to start. Copper piping will then need to be ordered so that once the frame is built, the routing
and welding of pipe into the frame can be done right away. Any fasteners and connections will
need to be purchased during this second phase so that any problems that arise from
interoperability can be addressed as they happen.

Estimating Cost
All cost estimates were done using a comparison method that took prices from several
sources and compared their cost and reliability/construction to help pick the best option.

Although copper piping is expensive, it has the best thermal conductivity of almost any metal
(save silver and diamond) and will be used throughout the project for this reason. Estimates of
copper piping prices are based on the price of copper on the day this proposal was written, and it
must be noted that this price will change as the project progresses (refer to Appendix D).

Funding Sources
The biggest source of funding for this project will come from the University of
Washington and its Environmental Innovation Challenge. This provides prototype funding for
student projects that wish to compete in the competition and meet the only requirement that it is
addressing an environmental issue with engineering innovation. We expect over $2000 in
funding from this source, with more funding than expected cost to make sure any overage costs
are met.

SCHEDULE
The schedule for this project will last 415 hours, which will fall within the requirements
for MET 495 Senior Project while being further constrained by the schedule set down by the UW
EIC competition. The proposal will be finished by February 1st, but our business plan will be
submitted to UW by November 20th. Prototype construction will continue through February
(refer to Construction Task Schedule in Appendix E), and testing will be conducted through
March (refer to Overall Schedule in Appendix E). An updated schedule will be furnished to
reflect work done throughout the build and testing process, and time will be reported down to the
tenth of an hour.
When the project was fully completed, the total hour count was 460.4, which was slightly
over the estimated 415 hours. This was due to unaccounted for troubleshooting during testing
such as leak fixes and testing apparatus construction. Overall the project stayed on schedule
throughout the entire process.

Tasks
The tasks required to bring this project to completion will include defining and
submitting the proposal of the project, construction of the object itself and testing its function,
with iterations of improvement and optimization. All tasks will be defined before construction
begins, and planned according to available time and resources in order to keep the project on
schedule. Additional time will be planned into the project schedule in order to account for any
unforeseen problems that may arise during construction and testing.

EXPERTISE AND RESOURCES
This project will be successful because our team of engineers is driven and productive,
with a real interest in improving our environment through engineering. The resources at our
disposal will be utilized with skill, knowledge, and grace.

Human Resources
The personnel within Hogue Hall, including professors and tech’s will be asked questions
whenever it is appropriate. Their real world experience will be invaluable to the completion of
our project.
The staff that organizes the UW EIC competition also avail themselves as a source of
information and collaboration. Many workshops and opportunities to learn more about
entrepreneurship and engineering merit are available at UW Foster School of Business
throughout the school year. These classes are particularly targeted towards those individuals
participating in the competition, such as ourselves.

Physical Resources
The physical resources that are available to us include the machine shop at CWU campus
in Hogue Hall. We also will have access to the fabrication shop at University Mechanical’s
Mukilteo office in order to perform any welding and construction of our device that we would
otherwise be unable to perform elsewhere.

DISCUSSION
Design Evolution
Our first design involved a compression/expansion of ammonia that would harness the
Rankine Cycle for refrigeration. This turned out to be a risky design, as putting ammonia under
high pressures would involve leaks that could be harmful to humans. Water was a more suitable
choice for our working fluid, although it is not as efficient a heat transfer medium, it is much
cheaper and safer to work with.
The next evolution involved concentrating on just cooling, using the heating coil to
generate water at saturation temperature to aid in generating humidity in the evaporative cooling
unit. This idea was not feasible because the heat that followed water at saturation temperature
would negate any cooling effects the humidity increase would have in the chamber.
Using the heat from the sun to passively replace a heat coil in a fan coil unit was deemed
to be the best approach to our device operation. The storage of the heated water was later
implemented in our design in order to provide heated water throughout the day, even when the
sun was not shining. This is also consequently when heating is needed in any given space more
often than not.
A donor by the name of Jeff Greear was able to provide the project with tubing meant for
solar collection, with a blackbody coating and a double walled thermos containment of the water
to optimize heat transfer (www.suntasksolar.com). A manifold that allows for conduction of
heat between the copper inner tube of the collector array and the copper tubing holding the water
to be heated will need to be manufactured. Storage of this thermal mass will be held in the water
tank obtained from the thermo-fluids lab (1 cubic meter in volume), otherwise known as
“Bertha”. All connections between the devices will be CSST tubing and PEX tubing, also
donated by Mr. Greear

Conclusion
In conclusion, the Solar Fan Coil Unit was successful because it delivered hot water to a
ducted coil on demand to provide hot air to a room and maintain a comfortable temperature. It
did so more efficiently than common air conditioners through the use of passive solar collection,
which was analyzed and designed to heat water to saturation temperature in a minimum amount
of time from sunrise. The thermal conduction of solar irradiance to the water running through
the manifold will allow for hot water to be generated very quickly (in about 20 minutes from full
solar irradiant conditions) so that heat can be supplied to a room when needed. The rate of heat
transfer will be greater than common air conditioning applications that use induction instead of
conduction because all the components are copper. The passive solar collection system will use
less energy than a common air conditioner as well, because there is no heating element to be
powered, and the small circulation pump will be powered by a solar photovoltaic cell.
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APPENDIX A – Analyses
A1 Parabolic Trough Design

A2 Solar Collector Sizing

A3 Solar Collector Sizing Continued

A4 Wall Mounting the Unit

A5 Hot Water Timing Analysis

A6 Load Safety Factor and Frame Construction

A7 Solar Collector Angle

APPENDIX B – Sketches, Assembly
drawings, Sub-assembly drawings, Part
Drawings
Solidworks Model Rendering

Drawing Tree
Final Assembly
FA.001

Mounting Bracket
MB.001

Frame

1 Foot Bracket
BR.001

5 Foot Bracket
BR.005

Copper Manifold
CM.001

6 Foot Bracket
BR.006

Glass Tube
GT.001

Inner Al Sheet
IAS.001

8 Foot Bracket
BR.008

Glass Tube Assembly

6 Foot C. Member
CM.006

Copper Insert
CI.001

Gasket
MG.001

Final Assembly

Copper Manifold

Mounting Bracket

1 Foot Bracket

5 Foot Bracket

6 Foot Bracket

8 Foot Bracket

6 Foot Cross Member

Glass Tube

Inner Aluminum Sheet

Copper Insert

Metal Gasket

Rubber Gasket

Tube Bracket

Sketches

System Diagram

Fin Configurations

Saturation Table

APPENDIX C – Parts List and Costs
Heat Coil Budget

Part Identifier
SM‐Frame

SC‐Tubing

CT‐Fasteners
C90 ‐ Fasteners
RM‐Isulation
GV‐Globe Valve
CP‐Piping
CC‐Coil
PT‐Parabolic
Trough
Total

Part Description
A653 Galvanized
5x4 foot Sheet
24 gauge (.024 in.)
Solar Collector
Tubing (10, 3 feet)
Copper Tees (1.06
ID)
1.125 x 1.125 x 1.125
Copper 90's (1.06 ID)
1 in. thick 4x8 foot
Sheet R17 rated
1 inch Globe Valve
2 (for entry and exit)
Copper Piping
1.125 OD Nominal
Copper Coil
50 foot (1.125 OD)

Part Number
SM‐A653

Source
Online Metals

Estimated
Cost
Donated

Actual
Cost
$0.00
$0.00
$0.00
$0.00
$0.00

SC‐103

Jeff Greear

Donated

CT‐106

Bob Mennenga

Donated

C90
RM‐148

Woods Ace
Home Depot

$46.95
Donated

KT‐211‐W‐UL

Nibco

Donated

CP‐125

Streamline

Donated

CC‐125

Streamline

Donated

$0.00
$0.00
$46.95
$0.00
$0.00
$0.00
$0.00
$0.00
$0.00
$0.00
$0.00

Mirror Grade Glazed

PT‐45

Jim's Glass

Donated
$46.95

$0.00
$46.95

APPENDIX D – Budget References

APPENDIX E – Schedule
Senior Project Schedule
PROJECT TITLE: Solar Evaporative Fan Coil Unit "Heat Coil"
Principal Investigator: Sam Budnick
TASK
ID:
1

Description

Est.
(hrs)

Actual
(hrs)

a.
b.
c.
d.
e.
f.
g.
h.
i.

Proposal
Outline
Intro
Methods
Analysis
Discussion
Parts and Budget
Drawings
Schedule
Summary
Subtotal:

2
3
4
40
5
8
40
20
10
132

1.9
2
5.4
65.5
5.6
12.1
35.6
15.4
12.4
155.9

a.
b.
c.
d.
e.
f.
g.

Analysis
Material Specs
Solidworks dwgs
Drawing Tree
Collector Sizing
Time Analysis
Kinematic
Tolerance
Subtotal:

1
70
4
10
10
3
1
99

1
64.5
2.5
12.6
14.5
2.5
1
98.6

a.
b.
c.
d.
e.
f.
g.
h.
i.

Documentation
Pipe Sizing
Fitting Details
Frame Attach.
Frame Sizing
Parabolic dwg
Fluid Flow Diag.
Heat Transfer
ANSIY 14.5 Compl
Update Website
Subtotal:

1
1
1
5
2
3
3
1
3
20

0.8
3.5
1.4
5.6
2.6
2.4
2.5
6.5
2.1
27.4

2

3

Dec
November

January February

March

April

May

June

4

Proposal Mods
a. Prod. Assembly
b. Construction
c. CDR
subtotal:

1
1
1
3

3.5
1.2
2.2
6.9

a.
b.
c.
d.
e.
f.
g.
h.
i.
j.
k.
l.
m.

Part Construction
Alum. Procure
Frame Bending
Frame Bolting
Drill Input Hole
Drill Output Hole
Main Assembly
Manifold Assem.
Piping Attach.
Attach Fittings
Test Fittings
Panel Bases
Attach CSST
Electrical Conn.
Subtotal:

4
4
4
6
10
2
2
2
3
3
1
5
2
48

3.4
1.4
5.6
0.8
0.6
8.6
1.1
1.2
2.4
1.1
4.2
1.4
1.8
33.6

a.
b.
c.
d.
e.
f.

Testing Schedule
Heating Time
Fluid Flow Spec.
Relations. Eval.
Clean Up
Pictures
Update Website
Subtotal:

12
4
4
2
1
3
26

9.9
6.4
6.2
6.1
0.4
2.4
31.4

Heating Evaluation
List Parameters
Test and Scope
Obtain Resource
Make Test Sheets
Plan Analyses
Check Dimensions
Fluid Testing
Heat Testing
Function Test
Pictures
Report Analysis

1
2
2
1
1
2
3
3
4
1
4

0.6
1.1
0.4
0.8
1.2
0.8
12.2
13.6
3.6
2.6
4.8

5

6

7
a.
b.
c.
d.
e.
f.
g.
h.
i.
j.
k.

l. Update Website
Subtotal:

3
27

2.4
44.1

495 Deliverables
Get Report Guide
Report Outline
Write Report
Slide Outline
Video Outline
Create Present.
Finalize Video
Update Website
Subtotal:
Grand Total:

1
1
40
3
4
2
4
5
60
415

1.4
2.6
37.2
2.2
3.6
10.9
2.2
2.4
62.5
460.4

11
a.
b.
c.
d.
e.
f.
g.
h.

Note:

Deliverables*
Draft Proposal
Analyses Mod
Document Mods
Final Proposal
Part
Construction
Testing
Schedule
Heating
Evaluation
495
Deliverables

APPENDIX F – Test Sheet

APPENDIX G – Test Data
3/31/2015

10 am start

900 Watts/m² irradiance

Elapsed Time

Manifold Temp

Water ∆T

30
45
50
55
60
65
70
75
85
115
120
135

86
91.2
93
94.8
96.4
98
98.4
99.2
100.2
104
105
106

200 CFM Out
330 CFM In
Ambient T = 55F
Tank Temp = 94F

Delta T Comparison
8
7
Water ∆T (F)

6
5
4

Delta T C

3

y = 0.1078x + 1.3317

Trend Cu

2
1
0
0

20

40
Air ∆T (F)

60

2.6
3.6
4.8
5
5.2
5.4
5.6
6
6.2
6.4
6.6
6.6

Air ∆T
11
22.8
32.2
35.5
38.1
38.6
39.9
40.6
42
44.5
47.7
52.7

Sam Budnick
Solar Collector Test Data
Date:
4/15/2015
Solar Irradiance
500 W/m²
Ambient Air Temp:
55°F

Time of Day
Input Water Temp (°F):
Output Water Temp (°F):
Tank Water Temp (°F):
Air Flow Speed (CFM):
Leaving Air Temp (°F):

Time of Day
Input Water Temp (°F):
Output Water Temp (°F):
Tank Water Temp (°F):
Air Flow Speed (CFM):
Leaving Air Temp (°F):
Time of Day
Input Water Temp (°F):
Output Water Temp (°F):
Tank Water Temp (°F):
Air Flow Speed (CFM):
Leaving Air Temp (°F):

10:00
AM

10:30
AM

11:00
AM

11:30
AM

12:00
PM

65
74
65
320
55

68
88
66
320
58

72
96
68
320
62

76
106
70
320
66

82
118
72
320
70

12:30
PM

1:00 PM

1:30 PM

2:00 PM

2:30 PM

86
121
76
320
74

92
123
80
320
78

94
126
84
320
84

96
127
85
320
88

100
128
86
320
90

3:00 PM

3:30 PM

4:00 PM

4:30 PM

5:00 PM

104
128
90
320
92

109
130
92
320
93

112
131
93
320
93

116
131
96
320
92

124
132
99
320
93

Air and Water Temperature Increase
140
Temperature (°F)

120
100
80

Output Water Temp

60

Tank Temp

40

Leaving Air Temp

20
0
7:12 AM9:36 AM12:00 PM2:24 PM 4:48 PM 7:12 PM
Time of Day

Sam Budnick
Solar Collector Test Data
Date:
4/27/2015
Solar Irradiance
922 W/m²
Ambient Air Temp:
65°F

Time of Day
Input Water Temp (°F):
Output Water Temp (°F):
Tank Water Temp (°F):
Air Flow Speed (CFM):
Leaving Air Temp (°F):

Time of Day
Input Water Temp (°F):
Output Water Temp (°F):
Tank Water Temp (°F):
Air Flow Speed (CFM):
Leaving Air Temp (°F):

10:00
AM

10:30
AM

11:00
AM

11:30
AM

12:00
PM

74
65

86
70

99
75

108
80

114
84

12:30
PM

1:00 PM

1:30 PM

2:00 PM

2:30 PM

132
88

159
93

182
99

198
106

208
112

Time of Day
Input Water Temp (°F):
Output Water Temp (°F):
Tank Water Temp (°F):
Air Flow Speed (CFM):
Leaving Air Temp (°F):

3:00 PM

3:30 PM

4:00 PM

4:30 PM

5:00 PM

216
121

224
130

230
134

234
139

240
154

Isolated Tank Test Comparison
300
Temperature (°F)

250
200
Output Water
Temperature

150
100

Tank Temperature

50
0
7:12 AM 9:36 AM12:00 PM2:24 PM 4:48 PM 7:12 PM
Time of Day

APPENDIX H – Resume
Sam Budnick
Email: budnicks@cwu.edu
Phone: (425) 418-9336

EDUCATION
2012-2015

2002-2004

1998-2000

Central Washington University
Ellensburg, WA
Pursuing B.A., Mechanical Engineering, 3.89 GPA
ITT Technical Institute
B.A., Computer Science

Bothell, WA

Bellevue Community College
Associates in Arts and Sciences Degree

Bellevue, WA

University Mechanical Contractors Inc.

Mukilteo, WA

WORK EXPERIENCE
2014

Internship under mentor Randy Koetje, PE. Duties included
calculation of HVAC heat loads using Trace 700 and
implemented an automated permitting sheet, detailing
information for reviewers to approve projects. Assisted Design of
mechanical systems including duct work, mechanical piping, and
plumbing using Autodesk AutoCAD, Navisworks, and Revit.
2007-2012

Teknon Corporation

Redmond, WA

Cable installation technician in charge of pulling, terminating,
and Fluke testing CAT5, CAT6, Coaxial, and Fiber Optic cable.
Clients included Microsoft, Amazon, and AT&T.
2006-2007

Focus Micro

Mukilteo, WA

Cable installation technician in charge of pulling, terminating,
and testing coaxial camera grade cable, along with power cable,
to remote security PTZ cameras in Albertsons located in
Washington, Oregon, and Idaho.
2004-2006

Microsoft Corporation

Tukwila, WA

Co-location technician in charge of rack server installation, daily
reports to clients, and quality control support. Duties included
hard drive bay and server installation within a warehouse rack
network, Fluke testing, and decommissioning of outdated network
servers.

TECHNICAL SKILLS
-

Proficient in AutoDesk’s family of drafting programs including AutoCAD,
Navisworks, and Revit; with applications towards MEP coordination and BIM
modeling.

-

Project management experience including design, purchasing, fabrication and
development.

-

Leadership experience supervising up to 3 members on a team in a construction
sub-contracting environment; reading, interpreting, and installing CAD designed
infrastructure.

